formed to quantify the actual amounts of 5-HT and nor adrenaline present in circle of Willis vessels at 3 h post SAH. Comparison was made with sham-operated animals and animals that received a cisternal injection of buffered saline in place of blood. Our results reveal a major in crease in cerebrovascular sympathetic nerve content of serotonin, arising by uptake, presumably from subarach noid blood clot, within the first 3 h post-SAH. Neuropep tide Y content, however, decreased from 3 up to 48 h posthemorrhage. By 3 days post-SAH, when the majority of subarachnoid clot had resorbed, the sympathetic nerve content of both NPY and 5-HT was restored to normal. This pattern of change was not observed in either sham operated or saline-injected controls. Key Words: SAH Perivascular nerves-Serotonin-N europeptide Y Vasospasm.
lation. The neural plexus that surrounds and inner vates the major cerebral vessels is one of the factors known to control the caliber of these vessels (Ed vinsson and MacKenzie, 1977) , with sympathetic noradrenergic nerves making up a major component of this plexus (Iwayama et aI., 1970) . Studies, both in human SAH and from animal models, have re vealed the development posthemorrhage of sympa thetic nerve dysfunction in cerebral vessels, with an impairment of noradrenaline uptake and synthesiz ing ability (Lobato et aI. , 1980; Edvinsson et aI., 1982; Tsukahara et aI., 1988) .
It has become clear from recent discoveries that the cerebrovascular sympathetic nerves contain other substances, in addition to noradrenaline, that can act as neurotransmitters and neuromodulators.
One of these, peptide neuropeptide Y (NPY) , is known to cause strong concentration-dependent contractions of cerebral vessels (Edvinsson et aI., 1987) . Cerebrovascular sympathetic nerves in vitro have additionally been shown to readily take up se rotonin (5-HT) into nerve terminals (Verbeuren et aI., 1983; Levitt and Duckles, 1986; Jackowski et aI., 1989) , from whence it can act as a vasoconstric tor false transmitter (Saito and Lee, 1986) . Follow ing rupture of an intracranial aneurysm, 5-HT -containing platelets are released about vessels locally and throughout the subarachnoid space, with elevated 5-HT levels being found in the cere brospinal fluid (CSF) post-SAH (Voldby et al., 1982; Tagari et aI., 1983) . In this study, we have examined the effects of an induced subarachnoid hemorrhage upon the content of 5-HT and NPY in the sympathetic nerves of major cerebral vessels in the rat, as revealed by immunohistochemistry, up to 5 days postevent. In addition, we have measured, by high performance liquid chromatography (HPLC) with electrochemical detection (ECD), the levels of 5-HT and noradrenaline within the circle of Willis vessels in the period immediately following SAH.
MATERIALS AND METHODS

Animal preparations
One hundred ninety male Sprague-Dawley rats weigh ing 350-450 g were used in the experiments. The animals were anesthetized with 70% nitrous oxide, 30% oxygen, and 1.5% halothane during operative procedures and per fusions. While cisternal injections were made, the halo thane was reduced to 0.75%. All animals were allowed to breathe spontaneously. In each animal, the left femoral artery was cannulated and connected to a Statham P50 transducer. The arterial pressure was continuously re corded with a Lectromed recorder and blood gases were intermittently monitored.
In addition to a control group of 30 normal animals, the animals were divided into three groups, consisting of one group that underwent experimental subarachnoid hemor rhage (SAH), and two further groups of controls that re ceived either a subarachnoid injection of buffered saline or sham operation only.
Induction of subarachnoid hemorrhage
In 78 animals, SAH was induced by a single injection of 0.3 ml of autologous arterial blood, freshly withdrawn from the femoral cannula and replaced with an equal vol ume of normal saline. The blood was injected at a rate of 0.1 mllmin under operating microscope vision, via a 30 gauge needle passed through the previously exposed at lanto-occipital membrane, into the cisterna magna of the prone head-down animal.
In 50 animals, 0.3 ml of buffered normal saline was injected in place of autologous blood. Buffered normal saline was prepared by the addition of 25 mEq/L of NaHC0 3 and equilibrated at 37°C with a gas mixture of 5% C02/95% O2 to pH 7.4.
In a further 32 animals, a sham operation only was performed, the rats undergoing the same procedures to those receiving an SAH, except that no injections were given into the cisterna magna.
J Cereb Blood Flow Metab, Vol. 9, No.3, 1989 Immunohistochemistry Immunohistochemistry was performed on vessel whole-mount preparations. All steps took place at room temperature. Animals for the immunohistochemical de termination of the density of nerves containing 5-HT or NPY upon major cerebral vessels were killed post-SAH at times 15 min, 1 h, 3 h, 6 h, 1 day, 2 days, 3 days, and 5 days. Groups examined included normal, sham operated, saline-injected, and SAH rats. Under anesthe sia, the left ventricle was perfused with 150 ml of fixative composed of 4% paraformaldehyde in O.IM phosphate buffered saline (PBS). The brain was immediately re moved and all branches of the circle of Willis dissected out to yield a single preparation that included the anterior cerebral, middle cerebral, internal carotid, posterior ce rebral, and basilar arteries. Vessels were further fixed for 2 h, then rinsed in three changes of PBS for 1 h. To facilitate antibody penetration, the vessels were then rinsed in 80% alcohol for 1 h and given short rinses in PBS with 0.1% Triton X-100. Vessels were then incubated for 16 h in anti-5-HT antibody (Immunonuclear Corp.) di luted 1 :400 with PBS containing 0.1 % Triton X-100. After three PBS washes, vessels were exposed for 2 h to fluo rescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Nordic) at a dilution of 1:50. Vessels were briefly rinsed in PBS, then placed in PBS with 0.05% pontamine sky blue and 1% dimethyl sulfoxide for 5-10 min in order to reduce background autofluorescence (Cowen et aI., 1985) . Vessels were next air-dried onto slides and cover slipped in an antifade mountant (Citifluor, City Univer sity, London, U.K.). Vessels used for the immunohisto chemical demonstration of NPY content within perivas cular nerves were treated similarly but using an anti-NPY antibody (lmmunonuclear Corp.) diluted to 1:400. Slides were viewed, and selected areas photographed at x 100 using a Zeiss microscope equipped for viewing FITC flu orescence.
Specificity of the anti-5-HT and anti-NPY antibody was tested by preincubation with 10-3 M concentration of 5-HT or NPY, respectively, for 24 h at 4°C prior to use, or omission of the primary antibody, both of which resulted in elimination of immunostaining of nerves.
The densities of nerves containing 5-HT or NPY were measured from photomicrographs taken at uniform expo sure, film speed, and development time. In every animal, five standardized areas were sampled from the circle of Willis: one each from the anterior cerebral, middle cere bral, internal carotid, posterior cerebral, and basilar ar teries. The number of nerve fibers seen crossing the di agonal of a rectangular area measuring 0.3 x 0.2 mm2 in each of these five unit areas was counted and averaged per animal. Results are expressed as the overall mean ± SEM and data compared using the Student's t test. Sig nificance was accepted for p < 0.05.
6-Hydroxydopamine and clomipramine experiments
To insure, as seemed probable from previous studies, that the 5-HT-and NPY-immunoreactive nerve fibers we counted following SAH truly represented sympathetic nerves, we also examined six animals that had been pre treated with the adrenergic neurotoxin 6-hydroxy dopamine (6-0HDA). Administration of 6-0HDA has been shown to induce degeneration of adrenergic nerve terminals (Thoenen and Tranzer, 1968) including those upon major cerebral vessels (Matsuyama et aI., 1985) and was administered as two doses (100 and 150 mg/kg i. v.) 72 and 24 h before SAH and/or killing.
To investigate further a supposition that the marked increase post-SAH of 5-HT-containing nerves was a con sequence of 5-HT, released from subarachnoid blood clot, being taken up into sympathetic nerves, we exam ined the effect of the noradrenergic nerve uptake antag onist clomipramine. A single administration of clomi pramine in a dose (57 ILmollkg i.p.) previously shown to reduce adrenergic uptake activity by 83% (Wong et aI., 1974) was administered 1 h prior to SAH in four animals.
High performance liquid chromatography
Animals for the HPLC determination of the total amounts of 5-HT and noradrenaline present in circle of Willis vessels were killed at 3 h post-SAH. Three groups of animals were examined: normal, saline-injected, and SAH rats. Under anesthesia, the left ventricle was per fused with Krebs solution to remove contaminating blood, contained within the cerebral vessels. Next, the brains were rapidly removed and transferred into ice-cold Krebs solution, and the circle of Willis arteries resected and dissected clean under the operating microscope. Ves sel preparations were briefly rinsed in three changes of ice-cold Krebs solution and the excess liquid blotted off before being placed in cryotubes for rapid freezing in liq uid nitrogen, with storage at -20°C until later analysis. Vessels from six animals were pooled for each determi nation of 5-HT and noradrenaline content by HPLC. The total sample wet weight was approximately 9 mg. Sam ples were homogenized in 500 ILl of ice-cold 0.1 M per chloric acid containing 0.4 mM sodium bisulfite and 25 ng of dihydroxybenzylamine (DHBA) using a motor-driven glass-glass homogenizer, and cell debris was removed by low speed centrifugation. Aliquots (100 ILl) of the super natant were injected without further treatment for the de termination of 5-HT by HPLC with electrochemical de tection (HPLC-ECD) using the method of Reinhard et al. (1980) . The remainder of the supernatant was subjected to alumina extraction (Keller et aI., 1976) . Noradrenaline and DHBA were separated on a 10 IL Bondapak C-18 reverse phase column (Radial Pak, Waters, Harrow, U.K.) using a mobile phase of 0.1 M sodium dihydrogen phosphate (pH 5.0) containing 5 mM heptane sulfonate, 0.1 mM ethylenediaminetetraacetic acid, and 13% (v/v) methanol (Moyer and Jiang, 1978) . Quantitation was per formed with a glassy carbon electrode set at a potential of +0.72 V. Noradrenaline levels were corrected for recov ery using the DHBA internal standard. Results are ex pressed as the mean ± SEM and the data compared using the Student's t test. Significance was accepted for p < 0.05.
RESULTS
Macroscopic appearance
In all animals examined shortly following SAH, there was extensive blood clot within the basal cis- terns that extended throughout the subarachnoid space and about the circle of Willis (Fig. lA) . In the rat, there appears to be a rapid removal of blood from the CSF-containing spaces and, by the third day after hemorrhage, nearly all clot had disap peared (Fig. IB) . Preparation of clean vessels for examination was facilitated, since separation of overlying meninges resulted in removal of the ma jority of any adherent clot.
Changes in density of 5-HT-or NPY-containing nerves ( Figs. 2A-2C )
5-HT
In normal rats, there was, as previously de scribed, an extremely low and variable density of 5-HT -containing nerve fibers found upon the circle of Willis vessels (Fig. 3A) , the mean density being 0.08 ± 0.08. Following subarachnoid hemorrhage, however, the number of nerves containing 5-HT rose rapidly: to 10.2 ± 0.51 at 15 min, reaching a peak of 12.0 ± 0.34 at 1 h post-SAH (Fig. 3B ). The numbers declined rapidly over the next 24 h to 1.8 ± 0. 18, and once more were an infrequent finding by 3 days post-SAH. In the saline-injected and sham control groups, no significant changes in the density of 5-HT-containing nerves occurred.
NPY
In normal rats (Fig. 4A) 
Effects of 6-0HDA or clomipramine treatment
The prior administration of the sympathetic neu rotoxin 6-0HDA effectively prevented the marked increase in 5-HT-containing nerve fibers following SAH that had previously been observed (Fig. 3C) .
Similarly, in those animals that received the adren ergic nerve uptake inhibitor clomipramine 1 h prior to SAH, any increase in 5-HT-containing nerves was also largely prevented (Fig. 3D) . animal, a dense plexus of NPY-containing nerve fibers is always visible. B: From an animal at 1 day following induction of subarachnoid hemorrhage, a plexus of NPY-containing nerves is still apparent but this is markedly reduced both in its density and intensity. C and D: Following pretreatment of animals with 6-0HDA to produce adrenergic denervation, NPY-containing nerve fibers have virtually disappeared both in normal controls (C) and in animals at 1 day post-SAH (D). Bar = 100 J.Lm. All micrographs have the same magnification. Values are means ± SEM. A significant increase in 5-HT occurred in SAH vs. control animals (*p < 0.02). There was no significant difference between saline-injected and normal animals and no significant difference in weight between groups. n = number of animals in each group.
fibers were only infrequently observed, both in con trol animals and in animals post SAH (Fig. 4C, 4D ).
Results of HPLC study (Table 1) The 
DISCUSSION
Cerebrovascular dysfunction remains a major cause of mortality and lasting disability in patients following subarachnoid hemorrhage. The results of a number of studies have indicated that vasoactive agents are released as a result of the blood clot that forms about major vessels and within CSF cisterns after SAH (Boullin, 1985) . The CSF from patients following SAH has been found to possess signifi cant vasoconstrictor activity upon cerebral vessels (Allen et aI., 1976) , in addition, the degree of con tractile activity exhibited has been shown to be greatest in those patients with evidence of severe angiographic spasm (Kaye et aI., 1984) .
Increased levels of a number of putative media tors of cerebral vasospasm have been found in CSF following SAH, including 5-HT, noradrenaline, prostaglandins, free radicals, and oxyhemoglobin (Shigeno et aI., 1982; Tagari et aI., 1983; Sakaki et aI., 1988 ined the consequences of SAH upon the 5-HT con tent of cerebrovascular sympathetic nerves, which are capable of an efficient uptake of 5-HT through their amine uptake mechanism (Levitt and Duckles, 1986) . It is perhaps relevant that a recent study in the dog coronary artery following experimental cor onary occlusion, with platelet aggregation, has demonstrated an accumulation of 5-HT into adren ergic nerves with subsequent adrenergic dysfunc tion (Cohen et aI., 1987) .
The results of this study clearly demonstrate that, following SAH, the 5-HT content of cerebral ves sels increases, and that 5-HT is rapidly taken up via their amine uptake mechanism into sympathetic nerve terminals, from which it can be readily de tected by specific immunofluorescence.
Other workers have previously demonstrated that SAH may transiently decrease the noradrena line content of cerebrovascular sympathetic nerves (Edvinsson et aI., 1982; Delgardo et aI., 1985) . A finding from this study is that the NPY content of sympathetic nerves is similarly decreased, by nearly 60%, in a transient manner following SAH. A smaller, 24% decrease in content following saline injection was also noted, and may represent a stress-release response, as has been demonstrated to occur peripherally by other workers (Morris et aI., 1986) .
It has been suggested that the observed decrease in catecholamine content in sympathetic terminals could be due to an increased release of contained neurotransmitter and is in some way triggered by SAH. It is well known that 5-HT directly causes vasoconstriction of cerebral vessels by specific re ceptors (Chang and Owman, 1987) . However, in ad dition, in higher concentration, 5-HT taken up into nerves in vitro can trigger, by a tyramine-like effect, the displacement release of noradrenaline from sympathetic nerves (Marin et aI., 198 1) and, pre sumably, other contained vasoactive agents such as NPY and ATP that are also displaced by tyramine (Cheng and Shen, 1987; Kirkpatrick, personal com-munication) and that would then be free to act di rectly upon the vessel wall.
We have presently observed, following experi mental SAH in vivo in the rat, that 5-HT is indeed taken up into the perivascular sympathetic nerve endings of major cerebral vessels and that coinci dent with this there is a transient decrease in NPY content. Whether these two phenomena represent a causal or casual relationship remains to be deter mined, but is further evidence of a transient dys function of cerebrovascular sympathetic nerves oc curring post-SAH.
